Abstract. The purpose of this study, initiated in 1964 and concluded in 1967, was to define the distribution of Pseudomonas (now Burkholderia) pseudomallei in Thailand, to evaluate its importance as an etiologic agent, and to survey the presence of antibody in people that might indicate prior infection and/or contact with the microorganism.
Melioidosis is a poorly understood and fortunately (at the time of writing) relatively rare disease of humans and animals caused by a organism that after a rather nomadic taxonomic history became firmly entrenched in the genus Pseudomonas, 1 only to be renamed Burkholderia in 1992. 2 (However, since this paper was written before that change, we will continue to use Pseudomonas.) The first cases of melioidosis in humans were identified in Burma 3 and shortly thereafter in Malaya. 4 Subsequently, the disease in humans and animals was reported in other areas of Southeast Asia, the region that has had most of the world's cases. 5 Fournier and Chambon 5 believed that it may have spread from this endemic focus to other areas, although it is equally possible that it has tropic-wide distribution and is only recognized when curious individuals use appropriate techniques. Following past conflicts in Southeast Asia, cases were reported among nonindigenous participants, including the French in Indo-China and American military personnel returning from Burma and other regions in Southeast Asia during World War II. 5 One report indicated that 150 cases of melioidosis had occurred among U.S. soldiers in Vietnam up to 1971, 6 many among helicopter pilots, suggesting transmission by inhalation. Frequently, the disease became manifest after the patient had returned to his own country from the Asian theater. Some presumably autochthonous cases have been reported in the United States, but the validity of the diagnoses has been questioned. 7 Australia has experienced epizootics of the disease among domestic animals. 5, 8 Although inter-human or inter-animal contagion is believed to play little if any role in transmission of this disease, the large number of American and other participants in the conflict in Vietnam raises the possibility that new reservoirs of infection could be created in other areas.
The disease, when it occurs, is extremely polymorphic. 5, 9 * This work was performed in the Southeast Asia Treaty Organization Medical Research Laboratory (SEATOLAB) in Bangkok during the period [1964] [1965] [1966] [1967] . A manuscript describing the work was submitted to the American Journal of Tropical Medicine and Hygiene and accepted, with minor revisions recommended, in 1967. However, clearance of the manuscript by the Office of the Surgeon General, U.S. Army, was delayed indefinitely and the corresponding author withdrew the manuscript. Although the data are 32 years old, they are still pertinent, perhaps even more so since melioidosis appears to be an emerging disease problem and this slightly revised report describes the situation as it was and includes serologic data.
It may vary from localized forms simulating mycoses, syphilis, or staphylococcal suppurations, to rapidly fulminating septicemias. It may appear as pulmonary disease of short or long duration resembling tuberculosis, cutaneous lesions that have received a tentative diagnosis of smallpox, or even with associated diarrheal states resembling dysentery or cholera. Definitive diagnosis is absolutely dependent upon the bacteriologic laboratory. Since diagnosis requires both clinical suspicion and laboratory confirmation, there must be many cases that are missed because of the lack of facilities in the developing countries of the endemic area. Even when laboratories are available, because of its abundant growth on simple media, its unusual colonial morphology, and its lack of fermentative activity in Kligler's medium, Pseudomonas pseudomallei is likely to be dismissed as a contaminant or incorrectly identified unless the bacteriologist is specifically aware of the problem. Since the disease is likely to be recognized only in its most severe forms (as in the fulminating septicemic form with positive blood culture), there is bias in the reported cases. Thus, melioidosis has been considered to be highly fatal, at least until the advent of the antibiotic era. More recent evidence, including the present work, suggests that rather than being inherently or preferentially a highly virulent pathogenic organism, P. pseudomallei is normally a saprophytic inhabitant of soil and water and that contact with the organism is far more likely to result in no response or only a serologic one than it is to result in serious disease.
At the time of our initiating this study in Thailand in 1964, Chambon 10 had already reported isolation of 7 strains of P. pseudomallei from 150 samples of soil and water in the Saigon area, and investigators at the U.S. Army Medical Research Unit (USAMRU) at the Institute for Medical Research in Kuala Lumpur were finding this organism to be widely distributed in soil and water in Malaysia (Ellison D, unpublished data). Little was known about the presence or distribution of the organism in Thailand, although there was documentary evidence of at least three human cases. [11] [12] [13] Of these, the only unquestionably indigenous case occurred in a Thai police officer who had never been out of Thailand and who had served many years in the southern provinces. 13 A more recent review 14 indicated that although only three cases had been reported in Thailand up to 1965, more than 800 were reported by 1986. Whether this represents increas-ing awareness or increasing incidence is unclear. The serologic study of Nigg 15 suggested indirectly that the organism was present in Thailand since 7% of 415 sera from apparently healthy Thai individuals reacted in a complement fixation test with melioidosis antigen whereas there were no positive reactions in 138 sera from apparently healthy Americans. The latter observations also suggested that the high mortality figures reported for melioidosis in the past were unrealistic and that subclinical infection is probably more common.
The present study was undertaken to determine the presence and distribution of P. pseudomallei in Thailand and to evaluate its importance as the causative agent of melioidosis. The investigation was divided into three phases: 1) attempts to isolate the organism and to define its geographic distribution in the external environment in Thailand, 2) an attempt to associate the presence of the organism with clinical disease in human and animal populations, and 3) an attempt to obtain by serologic survey information regarding the hostparasite interaction in animals and humans.
MATERIALS AND METHODS
Soil and water samples (usually mixtures of water and adjacent soil) were collected in sterile containers from natural sources (ponds, paddy fields, klongs or canals, streams, etc.) in various areas of Thailand and carried or forwarded to the laboratory. Each sample was then inoculated intraperitoneally in 1.0-or 2.0-ml amounts into each of five weanling hamsters. The principles of laboratory animal care as promulgated by the U. S. National Society for Medical Research were observed in these experiments. In the case of soil samples, a freshly prepared 10% suspension in sterile saline was allowed to settle for a few minutes prior to inoculation; soil-water mixtures were shaken and allowed to settle and then used for inoculations. The hamsters were observed twice a day for one week. Heart blood from sick or dead animals was streaked directly on nutrient agar with glycerin and crystal violet (NAGCV medium; nutrient agar [Difco, Detroit, MI] with 3% glycerol and crystal violet diluted 1:200,000 obtained by adding 5.0 ml of a 0.1% stock solution/liter of medium prior to autoclaving, pH 6.8-7.0. This medium and the hamster isolation technique were successfully used at USAMRU [Kuala Lumpur, Malaysia] when this study was initiated [Ellison D, unpublished data]) and trypticase soy agar (TSA) was inoculated in parallel. The plates were incubated at 37ЊC for 1 or 2 days and then examined on the stage of a stereoscopic dissecting microscope with transmitted oblique illumination 16 for evidence of colonies resembling P. pseudomallei. Suspicious colonies were immediately tested by slide agglutination with a diluted pool of individual rabbit antisera against formalinized suspensions of 8 representative strains and colony types of P. pseudomallei. Saline was used as a control for autoagglutinability. Positive colonies were transferred to Kligler's agar and subjected to additional biochemical tests for confirmation. The isolation plates were occasionally held at room temperature for several more days to observe the development of the characteristic crinkled colonial morphology. Freshly opened plates containing P. pseudomallei also have a characteristic musty aroma, which is an aid in diagnosis.
Sputum specimens from supposedly non-tuberculous pulmonary disease patients of chest clinics and hospitals were also examined for the presence of P. pseudomallei. The sputum samples were digested by the addition of equal volumes of 1% pancreatin (Difco) in phosphate-buffered saline, pH 7.6, and incubated for 30 min at 37ЊC. Penicillin G and polymyxin B (in 10ϫ frozen stock solutions in distilled water) were added to provide a final concentration of 40 g of each antibiotic per milliliter of specimen. The specimens were incubated at room temperature or 37ЊC for a few hours and then inoculated into hamsters and, in parallel, streaked on the media described. Some specimens were obtained from suspicious lesions observed at autopsy of domestic animals in abattoirs in endemic areas. Material from lesions was streaked on the NAGCV medium and TSA, which were then transported to Bangkok for further laboratory tests.
We also examined 55 stock cultures and colonial variants of P. pseudomallei obtained from various sources and a series of recent isolates obtained from American servicemen (patients) in Vietnam. All cultures confirmed to be P. pseudomallei were lyophilized as soon as possible after their identification so as to preserve their original characteristics. Antibiotic sensitivity determinations were performed by the disk technique on TSA streaked with a cotton swab moistened with a slightly turbid suspension of organisms.
Serologic observations. Antisera were prepared by immunization of rabbits with increasing doses of formalinized suspensions of eight representative reference strains and colony types of P. pseudomallei. Sera with satisfactory titers (at least 1:5,120) in macroscopic tube agglutination tests with the homologous antigens were pooled to provide a polyvalent reference serum standard.
For the indirect hemagglutination test used to detect antibody to P. pseudomallei, formalinized cell suspensions of eight strains and colony types that showed high titers with the pooled rabbit antiserum were sonically disrupted and centrifuged. The supernatants were pooled and used to sensitize washed chicken erythrocytes that were added (25 l of a 0.5% suspension) to equal volumes of serially diluted heat-inactivated (30 min at 60ЊC) serum samples in microtiter U plates. The highest dilution of serum that caused a definite alteration of the button pattern of settled unagglutinated cells was regarded as the titer. The control serum pool had a titer of 1:20,240. The specificity of the test was demonstrated by the observation that only one of 197 pre-bleeding sera of the 809th Engineers newly arrived in Thailand exhibited a titer (1:40). After their one-year tour in Thailand, three additional soldiers developed low titers.
RESULTS
Characterization of P. pseudomallei strains. Preliminary reciprocal tube agglutination tests with the individual antisera that comprised our reference serum pool revealed that, with one exception, each of the sera had a high titer (1: 2,550-1:20,240) against the homologous formalinized (0.25%) cell suspensions and each agglutinated the heterologous strains tested to at least one-eighth of the homologous titer. All of the reference cultures were promptly and completely agglutinated in slide agglutination tests with the serum pool diluted 1:10. FIGURE 1. Colonies of two different reference stock cultures of (A and B) Pseudomonas pseudomallei on trypticase soy agar incubated for 1 day at 37ЊC followed by 2 days at room temperature. Note the extreme degree of colonial variation. (Magnification ϫ 5.) FIGURE 2. Colonies of a freshly isolated Thai strain of Pseudomonas pseudomallei on trypticase soy agar. A, incubation for 1 day at 37ЊC. B, the same colonies after incubation for 4 days at 37ЊC. C, the same strain plated simultaneously and incubated for 1 day at 37ЊC, followed by 4 days at room temperature. (Magnification ϫ 5.)
As a check for the specificity of the reference serum, 274 Pseudomonas-like cultures (based on reactions in Kligler's agar) isolated in this laboratory from clinical specimens (primarily enteric) were tested by slide agglutination. Five positive reactions were obtained. Four of these were subsequently identified as Aeromonas sp. and the other as a nonpigmented P. aeruginosa. None of the five strains was virulent for hamsters.
In contrast, 36 of 37 reference strains tested were found to kill weanling hamsters generally within 2-3 days following intraperitoneal inoculation of 10 3 -10 4 viable cells. Subsequent titrations indicated that the 50% lethal dose (LD 50 ) of virulent strains for hamsters was less than 10 viable organisms. There was no difference between paired smooth and crinkled colony types from the same strain. In every instance, direct streaking of heart blood from sick, moribund, or dead animals led to profuse growth of virtually pure cultures of P. pseudomallei on NAGCV medium or TSA. The avirulent strain was also the exception in the agglutination tests in that it produced a low titer antiserum (1:640) that only agglutinated heterologous strains to 1/16-1/64 of titer.
Examination of the reference cultures by the oblique light technique revealed considerable colonial variation ( Figure  1 ). This was not the case with the vast majority of our fresh isolates (Figure 2 ), which initially formed smooth colonies.
On further incubation, at either room temperature or 37ЊC, they then metamorphosed into the crinkled form ( Figure 2B and C). This was especially apparent with well-isolated colonies and less marked in more crowded areas.
The results of biochemical tests on the reference cultures were also quite varied. However, the following reactions were found to be uniform among the reference strains and subsequently among our isolates: 1) Gram stain: Gram negative, bipolar, poorly stained, vacuolated, slender, nonsporeforming bacilli with rounded ends; 2) motility: actively motile, the test was performed by hanging drop because the semi-solid agar technique is completely unreliable with these organisms; 3) cytochrome oxidase: positive (Pathotec rapid paper test); 4) Kligler's iron agar: no change or alkaline reaction at 18 hr, frequently an acid reaction at the surface with prolonged incubation and H 2 S negative; 5) urease: negative (medium of Rustigian and Stuart, [Baltimore Biological Laboratories, Cockeysville, MD); 6) citrate: utilized (Simmons citrate agar); 7) indole: not produced; 8) mannitol: negative at 18 hr (semi-solid mannitol agar); 9) nitrates: reduced; 10) gelatin: proteolysis; 11) Voges-Proskauer: negative; 12) dextrose: acid production in broth at 18 hr: 13) lactose: acid not produced in broth at 18 hr, acid sometimes produced on longer incubation.
Variable reactions were obtained with litmus milk and the With only few exceptions, the strains examined gave the following antibiotic sensitivity patterns. They were sensitive to ampicillin (15 g), chloramphenicol (30 g), kanamycin (30 g), neomycin (30 g), novobiocin (10 g), sulfathiazole (1 mg), and oxytetracycline (30 g) and resistant to bacitracin (10 units), colistin (5 g), erythromycin (5 g), nitrofurantoin (150 g), gentamicin (5 g), methicillin (5 g), penicillin (5 g), polymyxin B (300 units), and streptomycin (5 g). (Occasional strains were sensitive to streptomycin. One isolate from a case in Vietnam was resistant to chloramphenicol and one was resistant to neomycin.)
Our first isolates in Thailand were confirmed as P. pseudomallei by investigators with considerable experience in melioidosis acting independently in three laboratories (Dr. J. Fournier, Pasteur Institute, Paris France; Dr. C. E. de Moor, National Institute of Public Health, Utrecht, The Netherlands; and Dr. A. Alexander, Walter Reed Army Institute of Research, Washington, DC). Following this, we felt justified in regarding as P. pseudomallei all isolates with typical colonial morphology, serologic reactivity in slide agglutination tests, characteristic aroma, and which conformed to the specified biochemical and morphologic test results.
Distribution of P. pseudomallei in soil and water in Thailand. The results of our survey to detect the presence of P. pseudomallei in soil and water samples in Thailand are summarized in Table 1 . Although not all provinces have been included, and some are represented by relatively few samples, it is apparent that P. pseudomallei is rather widely distributed and can be easily isolated from the external environment of certain areas of Thailand. There was a marked tendency for a higher proportion of isolations from the southern peninsular area, but isolates were also obtained from such diverse areas as Loei, in the northcentral part of the country, and Ubol, in the northeastern region. The provinces in the mountainous area in the north, Chiengmai and Chiengrai, did not yield any isolates from the limited number of samples tested nor did the central region, in the environs of Bangkok, with a larger number of samples. The locations of the provinces sampled (Table 1) are shown in Figure 3 .
Distribution of P. pseudomallei isolates in southern Thailand in relation to characteristics of water sources.
In an effort to learn more about the ecology of P. pseudomallei and its natural preferences in relation to pH and whether the water source was still or flowing, information regarding its distribution in relation to these factors was collected in a rather extensive survey in southern Thailand. The results are summarized in Table 2 . Of 793 water samples, 126 (15.9%) yielded P. pseudomallei isolates. The organism was found in natural surface water sources with pH values ranging from 2.0 to 9.0. Unfortunately, since few natural water sources had a higher pH, the question of whether the organism can persist in highly alkaline sources remains unanswered. Caution should be exercised in drawing conclusions relating to pH preferences from these data because the results could be markedly affected by the geographic distribution of the sites tested, as well as other factors such as temperature, depth, and composition. For example, the percentage figures suggest that the organism is found with lower frequency in waters with a pH range of 6.0 to 6.99. However, this may simply be a reflection of greater numbers of samples in that pH range from areas that are relatively low in positive findings in all pH ranges. There appeared to be a slight predilection in favor of still over flowing water, but the differences are not statistically significant.
Attempts to isolate P. pseudomallei from clinical specimens. In addition to the examination of approximately 1,700 (primarily enteric) specimens submitted to the SEA-TOLAB, which yielded the 274 Pseudomonas-like organisms, none of which was found to be P. pseudomallei, attempts were made to isolate the organism from 65 sputum specimens obtained from supposedly non-tuberculous pulmonary disease patients at the Siriraj Hospital Chest Clinic and the Nondhaburi Central Chest Hospital. Although both of these hospitals are in the non-endemic zone, they draw many patients from other areas of Thailand. None of the specimens yielded P. pseudomallei. Since pulmonary dis- Table 1 . ease patients are considered to be a fertile source for evidence of melioidosis infections in endemic areas (Fournier J, unpublished data), when it became evident from our geographic survey that the southern region of Thailand would be most likely to yield cases of the disease, a more intensive effort was made to identify cases in hospitals in that region. An additional 75 sputum specimens collected from non-tuberculous pulmonary disease in-patients and out-patients of hospitals in provinces with high rates of positive isolations in the external environment (Patalung, Songkla, Pattani, Yala, and Narathiwas) also failed to yield organisms causing melioidosis.
Additionally, 35 specimens obtained from 31 swine at slaughterhouses in southern Thailand and one cattle specimen were examined for P. pseudomallei; all results were negative.
Isolates of P. pseudomallei from Vietnam. In contrast with the negative findings in clinical material in Thailand, a rather steady trickle of cases was occurring among U.S. Forces in Vietnam, and transplants of isolates were sent to us by U.S. military laboratories (particularly the U.S. Army Medical Research Team in Saigon) for confirmation. At the time of writing, strains from 12 cases were received and confirmed as P. pseudomallei. These strains exhibited similar morphologic and biochemical characteristics to those isolated in Thailand. With only one or two exceptions (one strain resistant to chloramphenicol and one strain resistant to neomycin), they had the same antibiotic sensitivity spectrum and were equally highly virulent for hamsters.
Serologic observations. The serologic observations obtained with the indirect hemagglutination test are summarized in Table 3 . As mentioned earlier, only one of 197 prebled members of the U.S. 809th Engineers had a titer on entry into Thailand and three others developed low titers before departure. Three of 101 soldiers at Fort Dix had titers: one at 1:320. His history was unknown. None of 221 U.S. soldiers had titers on arrival in Vietnam. In contrast, significant numbers of Thai individuals had demonstrable antibody, ranging to more than 50% of the samples from people in Ubol in the northeastern region. (The clinical status of these individuals was unknown to us.) In general, although our samplings were, in some instances, too small and too erratic to draw definitive conclusions, the distribution of positive titers tended to correlate with the distribution of P. pseudomallei in the environment. There were few reactors in the central and northern regions. Most were found in the eastern and southern parts of Thailand. Some, but not all, of the proven cases of melioidosis in the U.S. soldiers in Vietnam exhibited increases (high titers) in antibody.
DISCUSSION
The results of our study indicate that P. pseudomallei is rather widely distributed in the external environment in Thailand, although it exhibits a marked predilection for the southern peninsular area. The reasons for this geographic preference are not defined, although the preferred region in Thailand is the most tropical, receives the most rainfall, and has low elevation and is therefore wet or moist during most of the year. It is known from the distribution of cases of melioidosis that this is a disease found almost exclusively in tropical areas, and presumably these factors have a bearing on the distribution of the organism in Thailand.
The strains that have been isolated from soil and water in Thailand constitute a homogeneous group that does not differ in the results of any of the tests used from virulent strains isolated from patients in Vietnam. Although it is conceivable that additional study could reveal differences between patients' strains and those isolated from the external environment, there is at present no indication that this is likely. Therefore, these results present a paradox. Relatively few people are succumbing to infection with an organism that is highly lethal (for hamsters and for diagnosed people) and is so heavily distributed in the external environment of certain areas of Thailand that one would think that these would be incompatible with the continued existence of humans and fauna if the organism was really what could be termed a professional pathogen. As stated by Redfearn and others, 1 the organism is more likely to be a free-living saprophyte, an accidental pathogen, that can on rare occasions find a niche in the animal body, either as a result of abnormally low host resistance, or because exceptionally favorable portals of entry have been created by physical trauma (or both). This is not to deny that when melioidosis does occur it is a grave problem in the individual concerned. Additional study is needed to define pathogenic mechanisms, to improve methods of rapid diagnosis and to develop more effective therapeutic regimens. It is of some interest that whereas the hamster is exquisitely susceptible to infection and disease and dies in 2-4 days following the introduction of one or a few viable organisms, we have confirmed the results of others 17 that the rat is relatively resistant; doses of the order of 10 7 -10 8 viable organisms are required to bring about death in 50% of the animals inoculated intraperitoneally, with the deaths occurring either early or not at all. One wonders where humans fit in this spectrum of response. Are they more like hamsters or more like rats, or do some humans resemble the hamster in susceptibility?
In any case, it does not appear that melioidosis should be considered a rampant public health problem in Thailand although, as in Vietnam, one may expect that there will be a steady trickle of cases among people who are exposed to infected water and terrain in the endemic areas. It is also possible that new reservoirs could be introduced by itinerant infected individuals or animals.
Addendum. Subsequent to the completion of the work reported herein, Atthasampunna (SEATO Annual Progress Report, 1969, unpublished data) in 1968-1970, found several isolates of P. pseudomallei in Aranyapradet on the Cambodian border, antibody at various levels in some of the residents, and two clinical cases, although neither was fatal. More recently, Kanaphun and others 18 reported that 17 (0.46%) of 1,000 randomly selected children during 18 months of observation in the pediatric wards of a hospital in Ubon had melioidosis: the seroprevalence of HA was much higher. Several of the patients had underlying diseases that could predispose one to infection. A survey of soil samples in the same region, particularly from rice fields, yielded P. pseudomallei from 68% of the 167 sites tested. 19 The latter results correlate with the high incidence of seropositivity (Table 3) , in contrast with our relatively low recovery of organisms from the soil (Table 1) , perhaps because of sampling anomalies between the two studies. From a study based on hospital questionnaires, isolation rates were also highest in northeastern Thailand. 20 Most recently, Brett and others have confirmed by 16S rDNA phylogenetic analysis the existence of a closely related but relatively avirulent Burkholderia species for which they propose the name Burkholderia thailandensis sp. nov. 21 Preliminary results indicate that all of our strains tested fall into the virulent true B. pseudomallei category (Woods DE, unpublished data), perhaps because they were all isolated following inoculation of hamsters. A recent study also reported a higher incidence of B. pseudomallei in soil and water samples in northeastern Thailand, and that the distribution of B. pseudomallei was uneven even in positive sites. 22 Since isolations in the later study were entirely by cultural methods rather than animal inoculation as in our study, the more recent samplings could have included a higher proportion of the avirulent species (B. thailandensis). 21 Although the higher reported incidence of cases in the northeast region of Thailand argues against this hypothesis, the matter is now being further studied. 22 
